Between streamwise distances 4d and at least 10d in the planar turbulent wake of a square prism of side length d, the turbulent fluctuating velocities are highly non-Gaussian, the turbulent energy spectrum has a close to -5/3 power law range and the turbulence dissipation rate obeys the non-equilibrium dissipation scaling if the energy of the coherent structures is not included in the scaling. In this same range of streamwise distances, the coherent structure dissipation rate decays proportionally to the stochastic turbulence dissipation rate and there is a strong tendency of alignment/anti-alignment between fluctuating velocities and fluctuating vorticities which appears to coincide with the presence of coherent structures.
I. INTRODUCTION
The past decade has seen the emergence of a new turbulence dissipation scaling which is common to many turbulent flows [see 1, 2] . This scaling is
where
In eq. (1), Re I is an inlet/global Reynolds number and Re λ is the Taylor length-based local Reynolds number. In eq. (2), ε is the mean turbulent dissipation rate while L and U are respectively length and velocity scales associated with the largest turbulent eddies.
The scaling eq. (1) has been found in important regions of various turbulent flows which extend over a number of turnover times and where well-defined −5/3 energy spectra exist: grid-generated turbulence (both fractal/multiscale and regular grids) [3] [4] [5] [6] [7] , turbulent boundary layers [8] , axisymmetric wakes [9] [10] [11] , round and planar jets [12, 13] and periodic turbulence, both forced and decaying [14] . In some of these flows, specifically grid-generated turbulence and decaying periodic turbulence, C ε has been seen to become constant quite abruptly far enough downstream, but the Direct Numerical Simulation (DNS) of [15] have shown that this constant C ε is not a reflection of Kolmogorov equilibrium (in relation to which a constant C ε is typically established) but of a balanced non-equilibrium.
The purpose of the present paper is not to study what happens very far downstream where one might expect a transition to a Kolmogorov equilibrium constant C ε in some cases (for example in the case of planar jets where the local Reynolds number grows rather than decays with downstream distance) but to study how upstream the region where eq. (1) holds can be. The present study differs substantially from the studies listed above because the focus is on a flow region where the fluctuating velocities are highly non-Gaussian and because some special attention is given to coherent structures. In fact, as seen below, the intense presence of coherent structures warrants careful definition of the velocity scale used to define C ε .
A number of studies over the past five years have reported very well-defined −5/3 energy spectra in the very near-fields of grid-generated turbulence [6, [16] [17] [18] [19] [20] [21] and planar turbulent wakes [22] . In all these cases the −5/3 energy spectra are present in near-field regions where the turbulent fluctuating velocities are non-Gaussian and characterised by intense large-scale intermittency between potential and vortical flow. Given that the non-equilibrium turbulence dissipation scaling eq. (1) exists in flow regions with well-defined -5/3 energy spectra, could it be that this scaling already exists at distances which are so close to the generating source of the turbulence (e.g. grid, bluff body, jet nozzle) that turbulent fluctuating velocities are non-Gaussian? This is the primary question of this paper. It is addressed by analysing DNS data of a turbulent planar wake generated by a square prism [22] . Our analysis focuses on the centreline near-field region between the square prism and a streamwise distance 10d from the prism where d is the length of each side of the prism.
The second objective of this paper concerns the dissipative role of coherent structures.
Goto and Vassilicos [15] argued that the non-equilibrium dissipation scaling eq. (1) may be the result of some sort of locking between the dissipation rate of the large-scale coherent structures and the dissipation rate of the random turbulence fluctuations. Specifically, they proposed that eq. (1) holds in flow regions where the influence of large-scale coherent structures is felt and where the dissipation associated with those structures (ε) evolves as a constant fraction of the stochastic turbulence dissipation (ε ′ ), i.e.ε/ε ′ = const. Our second objective is to check whether this sort of balance is present in the region where we may detect eq. (1), and perhaps also find some other complementary or related effects of coherent structures on the turbulence in this region.
In this paper we study data obtained by Alves Portela et al. [22] in their DNS of the turbulent planar wake of a square prism with inlet free-stream velocity U ∞ such that Re I ≡ U ∞ d/ν = 3900 (ν is the fluid's kinematic viscosity). We refer to Alves Portela et al. [22] for details of this DNS. Our study focuses on the turbulence dissipation and distinguishes between the coherent and stochastic parts of the fluctuating flow. In section II we briefly explain how this distinction is made and document the non-Gaussianity of the flow. In section III we address our primary objective and study the turbulence dissipation in terms of C ε and of the triple decomposition introduced in section II and in section IV we address our secondary objective and explore the influence of the coherent motions on the turbulence dissipation. We conclude in section V.
II. TRIPLE DECOMPOSITION AND NON-GAUSSIANITY OF THE FLOW
Coherent structures created by bluff bodies are easily identifiable through their periodic (or quasi-periodic) temporal signature, similar to the Kármán-street for laminar flows [23, 24] . The task of extracting these structures is therefore rather simple, in contrast to other types of coherent structures with no such temporal signature. As proposed by Reynolds and
Hussain [25] , Hussain and Reynolds [26] , under such circumstances one can decompose the velocity and pressure signals into their mean (U, P ), phase (ũ,p) and stochastic (u
components. The turbulent fluctuating velocity is u =ũ + u ′ . The operation is used to indicate time averaging (e.g. u = 0) and {} is used to indicate phase phase averaging (e.g.
{u} =ũ). The properties of the time and phase averaged signals can be found in Reynolds and Hussain [25] .
The phase averaging is carried out by conditionally sampling the data based on a reference phase [27] . In the present work, a Hilbert transform was applied to the time signal of the lift coefficient. This yields a reference phase φ(t) associated with the vortex shedding because oscillations in the force coefficients are related to the formation and departure of large scale structures from the vortex formation region. In order to obtain phase averaged quantities from our (discrete) data, it was necessary to bin φ(t) and then carry out a conditional averaging; the phase angle was discretised into 32 segments such that each time instant is associated with a phase φ = −π + n Taking x 1 to be the coordinate along the streamwise direction, i.e. the direction of the arrow in fig. 2 , the data available to us from the DNS of Alves Portela et al. [22] extend up to x 1 /d = 10, the origin x 1 = 0 being at the centre of the square prism. The centreline is in the streamwise direction and crosses the square prism exactly through the middle. In fig. 3 one can see the probability density functions (pdf) of fluctuating velocity components u 1 (in the streamwise direction), u 2 (in the cross-stream direction) and u 3 (in the spanwise direction normal to the plane of fig. 2 ) and the pdfs of the stochastic fluctuating velocity components u Hussain et al. [30] . 
B. Turbulence Dissipation Scaling
The definition of C ε given in eq. (2) involves a large scale characteristic velocity U and a large scale characteristic length L, see table I. We define a Taylor length-scale λ in terms of U as follows
and the corresponding Taylor length-based Reynolds number is
This definition of λ is identical to the formula given by Taylor [31] for isotropic turbulence if U ≡ u Following Taylor [31] , L should be an integral length scale such as
where there is no summation over repeated indices and e j is a unit-vector in the direction measured by x j . Practical usage of eq. (5) 
The ratios
/L i1 were found to be roughly constant for any i in the range 4 < x 1 /d < 8: they do not follow any clear trend with x 1 /d and depart, on average, from their constant mean values by no more than 6.4% (see Table I ). Hence, making the choice
affects the computation of C ε only in terms of its values but not in terms of its dependence
can be calculated throughout our domain whereas L i1 cannot. In the remainder of this paper we have therefore set
The first natural candidate for our choice of U is U = k Recall from fig. 4 thatk decays at a faster rate than k ′ along the centreline of the wake.
This suggests that Re λ ≈ const may be a result of our choice of U. Indeed, the difference between the decays ofk and k ′ with x 1 /d was found to be mostly caused by ũ 2 2 which is much larger and decays faster than u ′ 2 2 . Thus, the observation that both C ε and Re λ are approximately constant may be a result of choosing a velocity scale which is heavily affected by the vortex shedding.
The natural candidate for our choice of U if we want to disregard vortex shedding effects is U = k ′1/2 . In fact, any large-scale velocity scale U which does not include ũ 2 2 is equally well suited to the task given that u deviation of C ε Re λ from its mean value in the range 4 ≤ x 1 /d ≤ 10 is about 4% (in fact, the difference between C ε Re λ at x 1 /d = 4 and x 1 /d = 10 is about 1% of the mean value in that range), whereas in fig. 6 , the deviations of C ε and Re λ from their mean values in the same range is about 9% and 13%, respectively, with C ε decreasing with x 1 whereas Re λ increases. Figure 5 : Ratio between different definitions of the velocity scale U and the mean turbulent kinetic energy associated with the stochastic motions. Figure 6 : Evolution of C ε and Re λ along the centreline using
We can therefore safely conclude that C ε ∼ Re −1 λ holds in the near-field 4 x 1 /d 10 if U is defined in a way which does not significantly involve the large-scale coherent structures.
Even though the streamwise extent of our database may appear to be relatively small, it does cover a significant number of eddy turnover times
where x a and x b are two different streamwise locations along the centreline of the flow and Figure 7 : Evolution of C ε Re λ along the centreline using Other than this, there seems to be no restriction on the choice of L and the Taylor lengthscale. The different choices of these length-scales that we were able to test only changed the constant of proportionality in eq. (1) but not significantly the functional dependence.
IV. LINK BETWEEN COHERENT AND STOCHASTIC MOTIONS
Goto and Vassilicos [15] argued that the non-equilibrium dissipation scaling C ε ∼ Re smaller, Goto and Vassilicos [15] hypothesised that the ratio between these two quantities may remain about constant during some of the evolution of the turbulence, i.e. along some of the streamwise direction in the present case, and argued that this constancy is the cause behind the scaling C ε ∼ Re −1 λ . In fig. 8 we plot ε ′ /ε along the centreline and find that this ratio is indeed approximately constant from x 1 /d ≈ 4 to x 1 /d = 10, i.e. nearly exactly where we also demonstrate the validity of C ε ∼ Re
λ for the present data. Whilst we cannot establish a causal relation between the constancy of ε ′ /ε and C ε ∼ Re −1 λ at this stage, it does certainly appear that both hold over the same range of streamwise distances in our flow. A related observation has already been made in a DNS of decaying turbulence in a periodic box by Goto and Vassilicos [15] .
The dissipation of the stochastic turbulent fluctuations results from a nonlinear cascade of turbulent kinetic energy. If it is somehow locked to the dissipation of the coherent fluctuations then one should be able to see an effect of these fluctuations on the stochastic motions. Such an effect and the proportionality between ε ′ andε require a full study of their own which is beyond this paper's scope. However, we close this work by providing in the following two figures a few suggestive results along these lines which we hope will It is simpler to look at the helicity h = u · ω and in particular the relative helicitŷ 
Each one of these four quantities has an associated relative helicity defined in a similar way as eq. (9). Zhou et al. [20] reported interesting results on the helicity and relative helicity along the centreline of a single square grid flow which is mostly potential in the very near-field and therefore very different from the present near-field and did not consider the decomposition h = h ss + h cc + h cs + h sc .
As in the previous section, our focus is only on the geometric centreline of the wake.
The mean values of eqs. (10a) to (10d) were found to be uniformly zero at all the points on the centreline where we calculated these mean values. The standard deviation of h cc is zero because h cc = 0 by construction and the standard deviation of h sc was found to be negligible compared to the standard deviations of h ss and h cs . Hence, h 2 ≈ h The results shown in fig. 9 are similar to those of Rogers and Moin [32] when moving from the buffer layer towards the symmetry plane of a turbulent channel flow. Even though Rogers and Moin [32] argue that any link between coherent structures and h may be tenuous, Hussain et al. [30] link the coherent structures observed near the symmetry plane of turbulent channel flows to those observed in mixing layer. These structures are essentially spanwise rollers similar to those found in the present flow.
The main contributions to h 2 are h 2 ss and h 2 cs and it is natural to ask whether the alignment and anti-alignment between u and ω originates from an alignment and antialignment betweenũ and ω ′ or/and from an alignment and anti-alignment between u ′ and ω ′ . We checked that no particular alignment and anti-alignment exists between u ′ andω.
To answer this question we plot in fig. 10 joint pdfs ofĥ andĥ ss on the left and joint pdfs by organising them around themselves in a way which increases the likelihood of maximum magnitudes of the relative helicitiesĥ cs ,ĥ and even, to some extent,ĥ ss . We can therefore conclude that the coherent structures do seem to cause a depletion of non-linearity which can be expected to interfere with the turbulence cascade and, thereby, with the turbulence dissipation, in a way which may be causing or contributing to the constancy of ε ′ /ε observed in the streamwise centreline region where we also observe the dissipation scaling C ε ∼ Re −1 λ . Note that the near −5/3 energy spectra at these very positions of this exact same flow [22] are present irrespective of this partial depletion of non-linearity. 
V. CONCLUSION
We studied a near-field turbulent flow which is not only inhomogeneous, given its proximity to the wake generator, but also anisotropic, including at the smallest scales. In fact we have shown that the turbulence in the near-field we studied here is also highly non-Gaussian, even the stochastic component of the turbulence on its own. Yet, Alves Portela et al. [22] reported well-defined close to −5/3 energy spectra in this near-field region. Here we found that the non-equilibrium dissipation scaling eq. (1) Our near-field data support the hypothesis introduced by Goto and Vassilicos [15] that the dissipation rates of the coherent and the incoherent fluctuations decay together as if they were somehow locked to each other, i.e. that ε ′ /ε remains about constant, in the region where the dissipation scaling C ε ∼ Re −1 λ holds. This constant ratio suggests a link between the large-scale coherent motions and the stochastic turbulence cascade. We attempted to substantiate this notion by demonstrating a clear tendency for the fluctuating velocity field to align/anti-align with the fluctuating vorticity field in this near-field region and that this tendency is highly correlated with another tendency which is also present, alignment/antialignment of coherent fluctuating velocity with stochastic fluctuating vorticity. However, this is only an indicative beginning and a lot of work remains to be done to uncover the nature of the interactions between large-scale coherence and turbulence cascade. The indications are that these interactions may be responsible for the non-equilibrium dissipation scaling.
